The data for microbial analysis can be found via the following URL: <http://www.ncbi.nlm.nih.gov/bioproject/554546>. Methanogenic data can be found as Supporting Information.

Introduction {#sec001}
============

In anaerobic digestion, fat-oil-grease (FOG), which are ester of glycerol (GLYC) and long chain fatty acids (LCFAs), are first hydrolysed to LCFAs and GLYC, and the latter are converted to volatile fatty acids (VFAs) \[primarily to acetate and propionate\] and to H~2~, by syntrophic acetogenic microorganisms \[[@pone.0224989.ref001],[@pone.0224989.ref002],[@pone.0224989.ref003]\]. In the last step, both acetate and H~2~ will then be used to generate biogas (which consists of biomethane and carbon dioxide), through 2 processes, by archaea methanogens. The first involves the utilisation of acetate to produce biomethane by acetoclastic methanogens, and an important group of such archaea belong to the *Methanosaeta* genus. In the second process, H~2~/CO~2~ are converted to biomethane by hydrogenothropic archaea, among them, are *Methanosarcina*, *Methanococcus*, *Methanospirullum* genera \[[@pone.0224989.ref001],[@pone.0224989.ref002],[@pone.0224989.ref003]\]. The efficiency in biomethane production is the result a close interaction between these various microorganisms. Indeed, these microorganisms work in syntrophy, the product of one group of microorganisms is the substrate of the other, and failure to maintain an appropriate balance between them is associated with the decrease or even inhibition of biogas production \[[@pone.0224989.ref003]\]. The development of high through put sequencing approaches have permitted to investigate the dynamics or change of these microbial communities in the context of biogas formation \[[@pone.0224989.ref004]\]. More specifically, in the context of lipid as substrate (feedstock), He et al. reported a study on the microbial community succession during semi-continuous anaerobic digestion of waste cooking oil \[[@pone.0224989.ref005]\]. A study on microbial community changes as the results of the addition of LCFA pulses in biogas reactors was also reported \[[@pone.0224989.ref006]\]. Prior to the development of high throughput approaches, the technique based on denaturing gradient gel electrophoresis profiling (DGGE) was used to study changes in microbial composition caused by LCFA in relation with biogas formation \[[@pone.0224989.ref007],[@pone.0224989.ref008]\]. This paper also summarises the work on the effect of FOG (representing by cooking olive oil \[CO\]), the LCFA oleic acid (OLEI) and GLYC, on the change of microbial community in the context of biogas formation, using 16S rRNA gene amplicon sequencing.

LCFAs have higher theoretical methane yield compared to carbohydrates and protein. For instance, a study showed that 1 g of the OLEI can yield 1 L of methane, compared to 0.35 L only for 1g of the carbohydrate glucose \[[@pone.0224989.ref009]\]. Thus, lipids or FOG are considered to be promising substrates in anaerobic digestion \[[@pone.0224989.ref010]\]. However, the utilisation of FOG in anaerobic digestion is associated with some limitations. Indeed, high concentrations of LCFAs inhibit biomethane production, as the results of microbial inhibition \[[@pone.0224989.ref010]\]. For instance, an early study indicated that 50% inhibition of biomethane production when 4--10 mM of Caprylic, Lauric, Myristic, Oleic acids were used \[[@pone.0224989.ref011]\];a range of 0.5--1 g L^-1^ of OLEI and stearic acids (STEA) was associated with complete inhibition of biogas formation \[[@pone.0224989.ref012]\]. Similar results were reported in various studies \[[@pone.0224989.ref010],[@pone.0224989.ref013]\]. It is proffered that that LCFA toxicity is due to a surfactant effect, causing the damage the cell membrane, thus microorganism death. In addition, LCFAs, through adsorption on cell membranes, reduce substrate transfer, leading to an increase in biomass flotation and washout \[[@pone.0224989.ref010],[@pone.0224989.ref013]\]. However, a careful observation of the aforementioned studies shows FOG or LCFAs were primarily used as co-substrates. Thus, the second objective of this work was to investigate the inhibitor effect of FOG and the LCFAs palmitic acid (PMA), OLEI and STEA, and the alcohol GLYC, as sole substrates, on biogas formation, using inocula from a sludge of an anaerobic wastewater treatment tank. The effect of temperature, salinity and pH were also investigated on biogas formation when FOG was used as sole substrate.

Overall this work provides, for the first time, the comparative change of microbial dynamics in biogas formation with the use of FOG, LCFAs and GLYC as sole substrates. The paper also investigates the impact of increasing concentrations of these substrates on biogas formation when used as sole substrates.

Material and methods {#sec002}
====================

Chemicals and samples {#sec003}
---------------------

The FOG used in this study is olive cooking oil (CO) and was purchased in a commercial food supplier. The LCFAs PMA, OLEI and STEA and the chemicals used in the culture medium: (NH4)~2~SO~4~, KH~2~PO~4~, CaCl2.7H2O, MgSO4.7H2O, Na~2~HPO~4~ and FeSO~4~.7H~2~O, Na~2~S, were purchased from Sigma-Aldrich (St. Louis, MO, USA). Inoculum samples were collected from a wastewater treatment plant, as primary sludge from anaerobic tank, of the city of Khobar, in Saudi Arabia.

Bioreactor {#sec004}
----------

Culture were carried out in 2.5 L anaerobic bioreactor (batch reactor) linked with an automatic detector of pH, and containing a temperature controller and a rotation speed adjuster. The culture consisted of KH~2~PO~4~ (1.36 g), CaCl~2~•7H~2~O (10.69 g), Na~2~HPO4 (1.42 g) and Na~2~S (2g) in a total volume of 2 L. This culture was devoid of sulfate and nitrate so as to favour methanogenesis. Around 10% (v/v) of inoculum was added in the medium, along with the appropriate amount of substrate (or feedstock), as it will be specified. Thereafter, the culture was purged with N~2~ for 15 min to creature anaerobic condition, and let to grow under agitation at speed of 50 rotation/min and at 35°C. The released biogas was monitored and collected daily by using the water displacement method, in a graduated cylinder linked to the bioreactor. At appropriate interval, around 15ml of cultures were collected for the analysis chemical oxygen demand (COD). All experiments were carried out in duplicate.

Modelling of biogas production and initial rate of biogas production {#sec005}
--------------------------------------------------------------------

To quantify biogas formation, the data were fitted to a Gompertz equation as follows: P = P~max~\*EXP\[-EXP((r~m~\*2.718)/(P~max~\*(l-t)+1))\] where P is the accumulated methane production (ml.L^-1^ of medium), l, lag phase, expressed in day, P~max~ the maximum volume of produced biogas (ml L^-1^), EXP is the exponential function, and r~m~ is the maximum biogas production rate (ml.L^-1^.day^-1^) and t is the time, in day \[[@pone.0224989.ref014],[@pone.0224989.ref015]\]. The rate of biogas production was assessed by computing the rate of variation (in days) of the first linear phase of the biogas accumulation, as reported previously \[[@pone.0224989.ref016]\].

Gas chromatography analysis (GC) {#sec006}
--------------------------------

To quantify biomethane (CH~4~), GC technique coupled with thermal conductivity detector (GC-TCD) were employed. A six ports switching valve was used to introduce the gas standards and samples, in split mode with split ratio of 18:1, onto a capillary column HP-PLOT / Q (30 m X 0.55 mm 40 um SN US9533824H), under the following oven temperature program (60°C for 2 minutes, then from 60 to 240°C with a heating rate 30°C/min, and finally an hold at 240°C for 2 minutes. The methane (CH~4~) and carbon dioxide (CO~2~) gases mixture was used as standards.

Chemical oxygen Demand (COD) analysis {#sec007}
-------------------------------------

For COD analysis, samples was oxidised and digested by dichromate and sulfuric acid at 150°C for 2h, and the resulting unconsumed dichromate was measured spectrophotometrically, using a spectrophotometer (DR 3900 Bench-top Spectrophotometer, Loveland, Colorado, USA) and a digital reactor (DRB200 Digital Reactor, Loveland, Colorado, USA), according to protocol established by the manufacturer.

DNA extraction and microbial community analysis {#sec008}
-----------------------------------------------

Around 50 ml of culture samples were collected at each time point, and centrifuged at 5000 g for 5 min at 4°C. The resulting pellet, which consists of the microbial community, was preserved at 80°C until further processing. The DNA of these microorganisms were extracted using Qiagen Powerfecal Kit (Hilden, Germany), following the user's manual. The extracted DNA was used amplified the V4--V5 regions of the prokaryotic 16S rRNA genes by polymerase chain reaction (PCR) using the forward sequence 515F--`GTGCCAGCMGCCGCGGTAA` and the reverse sequence 907R-`CCGYCAATTCMTTTRAGTTT`, under the following conditions: 95°C for 5 minutes for denaturation, followed by an initial 5 cycles of 57°C for 30 seconds for annealing and 72°C for extension. The initial 5 cycles were followed by another 25 cycles, at 95°C for denaturation and 72°C for both annealing and extension. The resulting amplified regions were sequenced using the Ion Torrent PGM (Life technologies, Carlsbad, CA) sequencing platform, using the Ion PGM^™^ Hi-Q^™^, View OT2 Kit and Ion 316^™^ Chip Kit V2, according to the manufacturer protocols. The raw FASTQ files were processed using QIIME (version 1.9.1) \[[@pone.0224989.ref017]\] and quality-filtered using Trimmomatic \[[@pone.0224989.ref018]\]. After removing the chimeras, the sequences were clustered into OTUs (Operational Taxonomic Units) at 97% identity using SILVA/MiDAS database (version 2.1, [http://www.midasfieldguide.org](http://www.midasfieldguide.org/)).

Statistical analyses {#sec009}
--------------------

One-way analysis of variance (ANOVA), simple linear regression and fitting model were employed in these analyses; in addition, a pair-wise comparison Tukey's method was used. In all tests, the level of significance was p\<0.05. The software MINITAB (Version16, Coventry, United Kingdom) was used in these analyses.

Results and discussion {#sec010}
======================

Effect of CO concentration on biogas production {#sec011}
-----------------------------------------------

To assess the effect of CO on biogas formation, 2L culture were carried out in 20ml of inoculum in the presence of 40, 20, 10, 1, 0.1 and 0.01 g.L^-1^ of CO. **[S1 Fig](#pone.0224989.s001){ref-type="supplementary-material"} (Supplementary material)** shows the volume of the produced biogas as a function of time, while **[Fig 1](#pone.0224989.g001){ref-type="fig"}** shows. Overall, the cumulated biogas volumes decrease as the concentration of CO increases (except at 0.01 g.L^-1^ CO). For instance at 40 g.L^-1^, the maximum cumulated volume was around 11 ml only, while at 0.1 g.L^-1^ CO, this volume increased to around 33 ml. The biogas volumes corresponding to the other tested CO concentrations fell between these 2 extremes (11 and 33 ml)\[**[Fig 1](#pone.0224989.g001){ref-type="fig"}**\].

![Biogas formation profile from cooking oil (CO) after modeling.\
Cumulated volume of biogas formation during the anaerobic digestion of cooking oil (CO), modeled using the Gompertz equation.](pone.0224989.g001){#pone.0224989.g001}

To analyse further these data, the rates of biogas formation were computed (based on the exponential phase of the Gompertz graph models from **[Fig 1](#pone.0224989.g001){ref-type="fig"}**) at each tested CO concentration. The results show that this inverse relationship between CO concentrations and the biogas volumes is also supported by the rate of biogas production. As the CO concentrations increase, the biogas production rates decrease, from around 8 ml.L^-1^.day^-1^ at 0.01 g.L^-1^ CO to only 0.6 ml.L^-1^.day^-1^ at the highest concentration, 40 g.L^-1^ CO **([Fig 2](#pone.0224989.g002){ref-type="fig"}**). This decrease in biogas formation as a function of CO concentration is supported by the ANOVA test single regression (p\<0.05), and within the tested CO concentrations, the correction can be predicted according to the equation: r = 6.11--0.172xC, where r is the rate of biogas formation (ml.L^-1^.day^-1^) and C is the CO concentration (g.L^-1^). To test how the results from Gompertz model reflects the experimental data, a simple linear regression model from the origin and the ANOVA for the simple linear regression" of biogas volume data from experiments versus the Gompertz model was evaluated, and the slope parameter was tested for unity. The results of this analysis showed a significant regression model since the p-values were zero (p = 0.00), a clear indication that the experimental and the model data do match. All these data show clearly that high CO (thus FOG) concentrations are associated with inhibition of methanogenesis, thus, decrease of biogas formation.

![Rate of biogas formation from cooking oil (CO).\
Rate of the biogas formation as a function of cooking (CO) oil concentrations. These values derived from the Gompertz equation. Values on top of each column indicate the maximum accumulated biogas produced (ml.L^-1^).](pone.0224989.g002){#pone.0224989.g002}

It is well established that the used of FOG (and also LCFAs, as it will be discussed later), is associated with the inhibition of biogas formation \[[@pone.0224989.ref010]\]. However, detailed observation of previous studies shows that FOG was investigated only in the context of co-digestion (with other substrates); therefore direct comparison of these previous data with that reported in this work cannot be carried out. For instance, Cirne et al. investigated biomethane production in the context of co-digestion of triolein (a FOG, an ester of OLEI and glycerol) with starch, cellulose and whey protein \[[@pone.0224989.ref019]\]. Triolein concentration from 5 to 18% (w/w of COD) yielded the same biomethane content, however, concentrations \>31% inhibited methanogenesis \[[@pone.0224989.ref019]\]. Other studies investigated the co-digestion of FOG waste with various substrates, and overall, the results showed an inhibition of biomethane production with FOG \>60% (of volatile solid) \[[@pone.0224989.ref010]\]. In the current study, FOG was employed as sole substrate.

To ascertain that biomethane was produced during this incubation, a GC analysis of the collected gas was carried out. The methane (CH~4~) and carbon dioxide (CO~2~) gas mixture was used as standard, and the response factor of both gases were very close together with a slope around 100 and the linearity correlation coefficient (R~2~) were around 0.99. The results showed that the percentage ratio between methane (CH~4~) and carbon dioxide (CO~2~) gases in the collected sample was around 50% each. The proportion of methane in biogas is known to be variable, but generally falls within the range of 40--60% for methane \[[@pone.0224989.ref002],[@pone.0224989.ref020],[@pone.0224989.ref021]\], though values as high as 80% can be achieved under certain conditions, for instance, high pressure \[[@pone.0224989.ref022]\]. Thus data reported in this work fall within this range.

Biogas is produced from the utilisation of LCFA and GLYC, as the result, the amount of carbon in the reactor will be reduced as the biogas is being formed. One way of monitoring this carbon utilisation is to quantify the chemical oxygen demand (COD) of the culture, over time. As the biogas volume increases, COD values decrease, and higher rates of reduction coincided with the exponential phase of biogas synthesis, a clear illustration of the utilisation of LCFA and GLYC by the consortium **([Fig 3](#pone.0224989.g003){ref-type="fig"}**).

![Reduction rates of chemical oxygen demand (COD).\
Reduction rates COD of a culture of 0.1 g L^-1^ of cooking oil (CO) in relation with biogas formation. Close squares represent cumulated biogas formation (as per the Gompertz equation), while open circles represent the COD reduction.](pone.0224989.g003){#pone.0224989.g003}

Effect of temperature, pH and salinity on the formation of biogas in the presence of cooking oil (CO) {#sec012}
-----------------------------------------------------------------------------------------------------

The ability of the consortium to produce biogas was assessed at 30, 35, 40 and 45°C; pH 4, 5, 7 and 8, and salinity 0, 1.5 and 3% NaCl. First, the culture conditions were set at 35°C, in the absence of salinity, and at CO of 1g.L^-1^, the aforementioned pH values were tested. As [Table 1](#pone.0224989.t001){ref-type="table"} shows, both the rates of biogas formation and the cumulated maximum volumes reduced as pH values decrease. Indeed, the rates decrease from 5.2±0.3 at pH 7 to 0.56±0.1 ml.L^-1^.day^-1^ at pH4; values pertaining to pH5 and pH6 fell within these extremes. One way ANOVA supported these pH differences, and pairwise comparison between the rates of the different pH using Tukey's test showed significant difference between pH4 versus pH6; pH4 versus pH7; pH5 versus pH7 and pH6 versus pH7 (p\<0.05) \[[Table 1](#pone.0224989.t001){ref-type="table"}\]. However, at alkaline condition (pH 8), no biogas was produced. Several reports indicate that microorganisms involved in anaerobic digestion, especially methanogens, are sensitive to pH changes. In general, optimum pH values fall between 6.5--7.5, and values below 6 and above 8 are associated with inhibitions of methanogenesis \[[@pone.0224989.ref001],[@pone.0224989.ref021],[@pone.0224989.ref023]\]. The current results are in line with these observations.

10.1371/journal.pone.0224989.t001

###### Biogas formation in different conditions.

Rate of biogas formation and the maximum cumulated volumes achieved during various conditions of pH, temperature and salinity of the consortium. These values derived from the Gompertz model equations. Cooking oil (CO) was used at 1g.L^-1^.

![](pone.0224989.t001){#pone.0224989.t001g}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                    Conditions   *Rate*\                                                                                                                                                                     *Maximum cumulated volumes (ml)*
                                 *(ml*.*L*^*-1*.^*day*^*-1*^*)*                                                                                                                                              
  ----------------- ------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------
                    pH 4         0.56±0.1[^a^](#t001fn001){ref-type="table-fn"}^,^[^b^](#t001fn001){ref-type="table-fn"}                                                                                     8±1

                    pH 5         2±.3 [^c^](#t001fn001){ref-type="table-fn"}                                                                                                                                 17±3

  pH                pH 6         2.96±0.8 [^a^](#t001fn001){ref-type="table-fn"}^,^[^d^](#t001fn001){ref-type="table-fn"}                                                                                    25±4.2

                    pH 7         5.2±0.3[^a^](#t001fn001){ref-type="table-fn"}^,^ [^b^](#t001fn001){ref-type="table-fn"}^,^[^c^](#t001fn001){ref-type="table-fn"}^,^[^d^](#t001fn001){ref-type="table-fn"}   33.5±10

                    pH 8         ND                                                                                                                                                                          ND

                    30°C         4.18±1                                                                                                                                                                      39±7

  Temperatures      35°C         5.2±0.3                                                                                                                                                                     33.5±10

                    40°C         5.5±0.6                                                                                                                                                                     46+8

                    45°C         ND                                                                                                                                                                          ND

                    0            5.2±0.3                                                                                                                                                                     33.5±10

  Salinity (NaCl)   1.5%         3.2±0.9                                                                                                                                                                     30±4

                    3%           ND                                                                                                                                                                          ND
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

a, b, c, d (pH): The difference of rates were significant (p\<0.05) at pH4 versus pH6 (a) pH4 versus pH7 (b); pH5 versus pH 7 (c) and pH6 versus p 7 (d).

The effect of temperature at 30, 35, 40, and 45°C was investigated by setting the conditions at pH 7 and in absence of salinity. No gas production was observed at 45°C, and rates of biogas production fall between 4.18--5.5 and ml.L^-1^.day^-1^ ([Table 1](#pone.0224989.t001){ref-type="table"}), while the cumulated volumes were between 33.3--46 ml. However, based on ANOVA test, the difference of biogas formation rates were not statistically significant (p\>0.05) \[[Table 1](#pone.0224989.t001){ref-type="table"}\]. Temperature is another parameter that influences the biogas production. In general, increase in temperature, to a certain extent, leads to better metabolic rate of microorganisms, thus higher biogas formation. In the context of the use of lipid as foodstock, this increase in temperature will render these lipid more accessible to microorganisms, as the results of the increased of diffusion coefficients and lipid solubility in aqueous media \[[@pone.0224989.ref024]\]. However, evidence shows that thermophilic microorganism are more sensitive to LCFA inhibition than mesophilic ones \[[@pone.0224989.ref010],[@pone.0224989.ref025]\]. In addition, high temperature tend to promote the conversion of ammonium (NH~4~^+^) to ammonia, NH~3~, which is a toxic compound to microbes. In the current work, the increase in temperature was not associated with an increase in the rates of biogas formation. Generally the efficiency of biogas formation is associated with maintaining stable temperature in the digester \[[@pone.0224989.ref010]\].

In relation with salinity, 3 concentrations were tested (0, 1.5 and 3% NaCl) at 35°C and pH 7. At 3%, no biogas was produced. The rate of biogas formation reduced from 5.2 to 3.2 ml.L^-1^.day^-*1*^ at 0 to 1.5% NaCl respectively, and a slight decrease of the maximum volume was also observed at 1.5% NaCl (**[Table 1](#pone.0224989.t001){ref-type="table"}).** Thus, although these differences are not statistically significant (p\> 0.05%), however, these results are in line with previous work indicating salinity values \> 0.6% NaCl decrease biogas formation \[[@pone.0224989.ref026]\].

Effects of LFCA concentrations on biogas production {#sec013}
---------------------------------------------------

As stated earlier, FOG are hydrolysed to LCFA and GLYC before their utilisation by bacteria. Thus, to gain more insight on substrate utilisation by the consortium, biogas production was assessed using LCFAs and glycerol as sole substrates. The tested LCFAs were the saturated PMA (C16 \[number of carbon\]), STEA (C18) and the unsaturated OLEI (18:1 \[number of carbon and number of double bond\]). These LCFAs are among the most dominant long-chain fatty acids found in domestic CO \[[@pone.0224989.ref027]\]. The result indicate that the rates of biogas production decreased as the concentrations of the 3 tested LCFAs increased (**[Fig 4](#pone.0224989.g004){ref-type="fig"})**. For instance, these rates were 5.7, 4 and 2.8 ml.L^-1^.day^-^1 at 0.01, 0.1 and 1 g.L^-1^ of STEA respectively. Similar range was observed with PALM (from 5.7 to 2.5 ml.L^-1^.day^-^1), while the values pertaining to the unsaturated OLEI were lower, from 2.5 to 1 ml.L^-1^.day^-^1. In comparison, at the same concentrations, CO biogas rates production were between 8--5.2 ml.L^-1^.day^-^1, values that were almost 1.5 to 2 times higher than those of LCFAs (**[Fig 4](#pone.0224989.g004){ref-type="fig"}**).

![Comparative rates of biogas formation between substrates.\
Rate of biogas formation as a function of cooking oil (CO) and long chain fatty acids (STEA, stearic acid; PALM, palmitic acid; OLEI, oleic acid). These values derived from the Gompertz equation.](pone.0224989.g004){#pone.0224989.g004}

Several studies have been investigated the effect of LCFAs on biomethane production. However, as discussed earlier, in most of these studies, LCFAs were not used as sole substrates. For instance, a landmark study of the effect of four saturated LCFAs (caprylic \[8:0\], capric \[10:0\], lauric \[12:0\], and myristic \[14:0\] and one unsaturated OLEI \[18:1\] were carried out in 2.5 L bioreactor in the presence of 3 g.L^-1^ of acetate, as co-substrate \[[@pone.0224989.ref011]\]. The results showed a 50% inhibition of biogas formation at LCFA concentrations between 0.86 and 1.44 g.L^-1^ (as compared to the activity in the presence of acetate as sole substrate), and complete inhibition was observed with values around 2 g.L^-1^ \[[@pone.0224989.ref011]\]. Angelika et al. carried out a similar study with OLEI and STEA, in the presence of acetate, proprionate or butyrate as co-substrates. OLEI and STEA completely inhibited methanogenesis at 0.5 and 1 g.L^-1^ respectively \[[@pone.0224989.ref012]\]. Using different temperatures (30, 40 and 55°C), Hwu et Lettinga reported that 1 g.L^-1^ of OLEI decreased methanogenesis by 50% in the presence of acetate, and this inhibition rate increased as the temperature increases \[[@pone.0224989.ref025]\]. In the current work, the LFCAs were used as sole substrate, therefore, a direct comparison of data cannot be made with the aforementioned studies. Nevertheless, as shown in **[Fig 4](#pone.0224989.g004){ref-type="fig"}**, the decrease in LCFA concentrations (1 to 0.01g g.L^-1^) was associated with an increase in the rate of biogas formation, although these differences were statistically significant only between values pertaining to concentrations 1 g.L^-1^ versus 0.01 g.L^-1^ of LCFAs (ANOVA and Tukey's pair wise comparison, p\<0.05).

The current data also shows the saturated LCFAs (STEA and PALM) have higher rates of biogas formation than the un-saturated OLEI (**[Fig 4](#pone.0224989.g004){ref-type="fig"}**). Although these differences were statistically significant only when STEA was compared to OLEI (ANOVA and Tukey's pairwise comparison, p\<0.05), these results imply that OLEI was more inhibitory that the 2 saturated LCFAS. In line with these results, De Souza et al. also reported a higher inhibitory effect of OLEI compared to PALM \[[@pone.0224989.ref028]\]. Likewise, using acetate as substrate, Shin et al. showed that OLEI and linoleic acid (an unsaturated acid, C18:2) were more inhibitory than saturated STEA and PALM, and this inhibitory effect increases as the number of double bond also increases \[[@pone.0224989.ref029]\]. This increase in LCFAs cell toxicity as a function of the number of double bonds were also reported elsewhere \[[@pone.0224989.ref011],[@pone.0224989.ref012],[@pone.0224989.ref030]\]. The mechanisms of this selective toxicity is not well known, however it was proffered that the high fluidity of unsaturated LCFAs might be one possible reason. Indeed, the melting temperatures of saturated LCFAs are generally higher than those of unsaturated ones, as the result, in the same condition, unsaturated acids have a higher fluidity, therefore more transfer to- or contact with- microorganisms, leading to her higher toxicity \[[@pone.0224989.ref030]\].

The current work has showed a trend towards a decrease in biogas formation rates with the 3 tested LCFAs compared to FOG (ANOVA and Tukey's pairwise comparison, p\<0.05) (**[Fig 4](#pone.0224989.g004){ref-type="fig"}**), implying a higher inhibitory effect of LCFAs than FOG. This observation has already been documented \[[@pone.0224989.ref012]\]. The toxicity of LCFAs, at least partly, results from sorption or adherence on the surface of bacterial cell walls, impending the transfer of nutrients and causing the damage the cell; the free carboxylic group of LCFAs is involved in this adherence. FOG have to be hydrolysed to LCFAs first, therefore the free carboxylic groups are not readily available when FOG are used, explaining the higher inhibitory effect of LCFAs \[[@pone.0224989.ref012],[@pone.0224989.ref015],[@pone.0224989.ref031],[@pone.0224989.ref032]\].

Effect of GLYC concentration on biogas production {#sec014}
-------------------------------------------------

In addition to releasing LCFAs, FOG produces GLYC, which is also used as substrate for biogas formation. Thus, the effect of glycerol concentration on biogas formation was investigated, at concentration ranging from 0.01 to 100 g. L^-1^. No biogas formation was observed at 0.01 g. L^-1^, and as **[Fig 5](#pone.0224989.g005){ref-type="fig"}** showed, the rate of biogas formation fell between 9--12 ml. ^-1^.day^-1^, and no decrease in rate of biogas formation was observed as GLYC concentration increases, up to 100 g. L^-1^, the highest tested concentration, as supported by the single regression model analysis and the ANOVA test, p\>0.05. These data are in contrast with those pertaining to FOG and LCFAS. Indeed, highest rates of biogas formation were observed at low concentrations of FOG and LCFAs (0.01--0.1 g.L^-1^) yet, for GLYC, biogas production rates remained very high, even at a high GLYC concentration of 100 g.L^-1^, concentration that was 100--1000 times higher than those tested for LCFAS and FOG. This clearly indicated that, in the context of the use of high concentration of FOG, GLYC (which is released from FOG) does not contribute in the inhibition profile of this lipid. Several investigations have been reported on the use of crude GLYC for biomethane formation. This crude GLYC, which is the product of biodiesel formation from trans-esterification of FOG by methanol \[[@pone.0224989.ref033]\], contains a lot of impurities, and is primary used as co-substrate in anaerobic digestion. Thus, like the case of FOG and LCFAs, direct comparison cannot be made with data reported in this work, nevertheless, the detailed review of the literature confirms that crude GLYC is less inhibitory than FOG or LCFA, and generally, the decrease in methanogenesis is observed with crude GLYC concentrations \>6--12 g.L^-1^ \[[@pone.0224989.ref034]\]. The current study shows that concentrations as high as 100 g.L^-1^ of pure GLYC do not affect the rates of biogas formation (even when used in the context of batch reactor), an indication that high biogas yield can be achieved if impurities from crude GLYC are reduced.

![Rate of biogas formation with glycerol (GLYC) as substrate.\
Rate of biogas formation as a function of glycerol (GLYC) concentrations. These values derived from the Gompertz equation. Values (ml) on top of each column refer to the maximum volumes of the produced biogas.](pone.0224989.g005){#pone.0224989.g005}

Analysis of microbial community {#sec015}
-------------------------------

A total of 9 samples were analysed. They were collected on day 1, 5 and 15 for the 3 bioreactors, CO, OLEI and GLYC. Days 2--10 and 11--15 correspond to the exponential phase of- and the period of maximum cumulated- biogas formation respectively. The analysis of the 16S rRNA gene reads lead to the identification of a total of 4848 OTUs in samples, at 97% sequence identity. The metadata pertaining to this investigation is available at <http://www.ncbi.nlm.nih.gov/bioproject/554546>.

The microbial community was dominated by 3 main phyla, *Proteobacteria*, *Firmicutes and Bacteroidetes*, in the 3 bioreactors **([Fig 6](#pone.0224989.g006){ref-type="fig"})**. Overall, *Proteobacteria* was the most dominant phylum, with the main class being *Gammaproteobacteria* (**[Fig 7](#pone.0224989.g007){ref-type="fig"}**), and the main families belonging to *Enterobacteriaceae*, *Pseudomonadaceae* and *Shewanellaceae* (**[Fig 8](#pone.0224989.g008){ref-type="fig"}**). In CO bioreactor, this phylum was high on 1 day and decreased afterwards, while in the other 2 bioreactors, this phylum remains high, even on day 5 and day 15 (during the methanogenesis phase). This is unexpected since this class of microbes decreases in anaerobic processes, because it generally consists of aerobic microbes. Its high presence in GLYC and OLEI bioreactors indicate that anaerobic conditions might have been not fully achieved, although biomethane production was observed. Similar observations have been reported in other anaerobic experiments, using various feedstock (including OLEI), in which microbial communities were reported to be relatively dominated by *Proteobacteria* or *Gammaproteobacteria*, in spite of biomethane production \[[@pone.0224989.ref035],[@pone.0224989.ref036],[@pone.0224989.ref037]\].

![Microbial abundance in relation with species phyla.\
Relative abundance of microbial phyla in the presence of cooking oil (CO), glycerol (GLYC), and oleic acid (OLEI), as a function of time (1, 5, and 15 days).](pone.0224989.g006){#pone.0224989.g006}

![Microbial abundance in relation with species classes.\
Relative abundance of the class of microbes in the presence of cooking oil (CO), glycerol (GLYC), and oleic acid (OLEI), as a function of time (1, 5, and 15 days).](pone.0224989.g007){#pone.0224989.g007}

![Microbial abundance in relation with species families.\
Relative abundance of the family of microbes in the presence of cooking oil (CO), glycerol (GLYC), and oleic acid (OLEI) as a function of time (1, 5, and 15 days).](pone.0224989.g008){#pone.0224989.g008}

The family of *enterobacteriaceae (Gammaproteobacteria)* was represented by *Enterobacter*, *Raoultella*, *Citrobater* and *Klebsiella* genera (**[S2 Fig](#pone.0224989.s002){ref-type="supplementary-material"}, supplementary material**). Bacteria of these genera are known to be associated with fermentation or biogas formation. For instance, strains of *Enterobacter Raoultella* and *Klebsiella* have been associated with H~2~ and biogas formation (through the generation of acetate), in bioreactors fed with wastewater or GLYC \[[@pone.0224989.ref038],[@pone.0224989.ref039],[@pone.0224989.ref040]\]. The presence of *Enterobacter* and *Citrobacter* in biogas formation has also been reported elsewhere \[[@pone.0224989.ref041],[@pone.0224989.ref042]\].

Among these *Gammaproteobacteria*, the *Shewanellaceae* family (primarily of genus *Shewanella*, **[S2 Fig](#pone.0224989.s002){ref-type="supplementary-material"}**) forms an interesting group of bacteria. Indeed, they are known as exoelectrogenic, thus can be involved in interspecies electron transfer with methanogens, leading to an increase in the reduction of CO~2~ to biomethane \[[@pone.0224989.ref043],[@pone.0224989.ref044]\]. For instance, direct interspecies electron transfers have been demonstrated from the exoelectrogenic bacteria of *Geobacter* genus to Methanogens \[[@pone.0224989.ref043]\]. The presence of *Shewanellaceae* on day5 and day15 in the 3 bioreactors indicate their possible involvement in electron transfer to methanogens, thus contributing in biomethane production.

The phylum Firmicutes was the second most dominant bacteria, and consists primarily of *Clostridia* and *Bacillus* classes, and the main families were *Clostridiaceae* and *Ruminococcaceae* families (**Figs [7](#pone.0224989.g007){ref-type="fig"} and [8](#pone.0224989.g008){ref-type="fig"}**). The dominant genus in this phylum was *Clostridium* (**[S2 Fig](#pone.0224989.s002){ref-type="supplementary-material"}**), which are obligate anaerobic. Thus, their presence is expected to be low at the early stage of the anaerobic process, but would increase with time. However, in CO bioreactor, their decrease was noticed on day 5 and day 15 compared to day 1. *Clostridium* bacteria have been associated with degradation of various organic molecules into VFA and acetate, the substrates of acetoclastic methanogens; some *Clostridium* bacteria are known to produce H~2~, the substrate of hydrogenotrophic methanogens \[[@pone.0224989.ref026],[@pone.0224989.ref041],[@pone.0224989.ref045],[@pone.0224989.ref046],[@pone.0224989.ref047]\]. In addition, the predominance of these bacteria is common in anaerobic digestion, including those in which LCFAs (including OLEI) and FOG have been used as feedstock \[[@pone.0224989.ref005],[@pone.0224989.ref008],[@pone.0224989.ref048],[@pone.0224989.ref049],[@pone.0224989.ref050],[@pone.0224989.ref051],[@pone.0224989.ref052],[@pone.0224989.ref053],[@pone.0224989.ref054],[@pone.0224989.ref055]\].

The phylum *Bacteroidetes*, the third most dominant, was presented by the class *Bacteroidia*, the families of *Porphyromonadaceae* and *Bacteroidaceae*, and the genus of *Bacteroides* (**Figs [6](#pone.0224989.g006){ref-type="fig"}--[8](#pone.0224989.g008){ref-type="fig"}** and **[S2 Fig](#pone.0224989.s002){ref-type="supplementary-material"}**). This phylum was high in CO bioreactor throughout the anaerobic process, and was less represented in GLYC and OLEI bioreactors. *Porphyromonadaceae* are syntrophic bacteria that provide acetate as substrate for methanogens \[[@pone.0224989.ref026],[@pone.0224989.ref056],[@pone.0224989.ref057]\], and the inhibition of these bacteria can result in the accumulation of LCFAs in bioreactors \[[@pone.0224989.ref058],[@pone.0224989.ref059],[@pone.0224989.ref060]\]. Thus, their presence indicates the utilisation of LCFAs. The fourth most important phylum was *Spirochaetes*, class and family of *Spirochaetes* and *Spirochaetaceae* respectively. Both *Bacteroidetes* and *Spirochaetes* have been reported in anaerobic digestion in which FOG or LFAs were used as substrates \[[@pone.0224989.ref055]\]

The other phyla were *Tenericutes*, *Fusobacteria* and *Actinobacteria*, which also have been reported in biogas formation \[[@pone.0224989.ref026],[@pone.0224989.ref061]\]. The phyla *Cyanobacteria and Planctomycetes* were also identified, but they were primarily present the first of day of the anaerobic process.

The phylum *Euryarchaeota*, corresponding to methanogenic archaea, was identified. They belonged to 2 classes, *Methanomicrobia* and *Methanobacteria*, and the principal families were *Methanocorpusculaceae* and *Methanobacteriaceae*. In relation with the genus, *Methanocorpusculum* and *Methanobrevibacter* were the most important (**Figs [6](#pone.0224989.g006){ref-type="fig"}--[8](#pone.0224989.g008){ref-type="fig"}** and **[S2 Fig](#pone.0224989.s002){ref-type="supplementary-material"}**). *Methanobrevibacter* was predominant in day 5 and 15 in CO bioreactor. The archaea *Methanobrevibacter* are known to be hydrogenotrophic, by using CO~2~ and H~2~ as substrates to generate biomethane \[[@pone.0224989.ref062]\]. Their presence has been reported in microbial communities producing biogas \[[@pone.0224989.ref063],[@pone.0224989.ref064],[@pone.0224989.ref065]\]. Some of *Methanobrevibacter* species have been shown to be acido-resistant and can grow activity in the presence of high concentration of VFA, in the context of biogas formation \[[@pone.0224989.ref066]\]. Since GLYC or of LFCAs lead to production of high amount of VFA, thus these acido-resistant methanogens will be favoured in these bioreactors. *Methanocorpusculum*, an archaea that can use H~2~/CO~2~ or formate as a substrate of methanogenesis, have shown to be dominant in AD processes \[[@pone.0224989.ref067],[@pone.0224989.ref068],[@pone.0224989.ref069],[@pone.0224989.ref070]\].

CO consists of GLYC and OLEI, thus one would expect that microbial community in CO bioreactor would have a high richness than the other 2 bioreactors, since microbes specific to GLYC and OLEI degradation will both be present in CO bioreactor. This microbial community diversity was analysed through Chao1 and Shannon indices, which reflect the alpha-diversity for both richness and evenness of the OTUs. However, the results showed that no higher diversity was found in CO bioreactor, and on the contrary, a higher Chao1 value was observed in OLEI bioreactor (**[Fig 9](#pone.0224989.g009){ref-type="fig"}**), although these differences were not statistically significant (p\>0.05). An analysis of the beta-diversity was also carried out to establish the relatedness of microbial community in each bioreactor. The OTUs of Bray-Curtis Dissimilarity principal coordinate analysis (PCoA) (**[Fig 10](#pone.0224989.g010){ref-type="fig"}**) shows that, overall, on day5 and 15, samples of each bioreactor were closely related to each other, compared to the initial inocula. This clearly shows that each substrate selects a set of microbial community, which dominates the bioreactor on day 5 and 15. Interestingly the PCoA also showed that the GLYC and OLEI inocula were similar on day 1, but yet, as discussed, their microbial community on day5 and day15 were different, a clear illustration of selection of specific subset of microbial community based on the substrate.

![Chao1 and Shannon diversity indices.\
Chao1 and Shannon indices depicting the α-diversity of microbial communities in cooking oil, glycerol, oleic acid bioreactors.](pone.0224989.g009){#pone.0224989.g009}

![Bray-Curtis principal coordinates analysis.\
β-diversity of microbial community in CO, GLYC and OLEI bioreactors, as a function of time using the principal coordinates analysis of Bray-Curtis dissimilarity (PCoA).](pone.0224989.g010){#pone.0224989.g010}

Although methanogens (archaea) have been detected in this study, however their proportion is very low, in comparison with that of bacteria. Thus, the methanogen community have been underrepresented, yet biomethane have been produced in 3 bioreactors. One of the possible reasons could be that the primers used in this study did not cover sufficiently hte archaea 16S rRNA genes compared to bacterial genes, leading to a higher representation of bacteria species. Thus, it is likely that other methanogen genera were present in these bioreactors.

Conclusion {#sec016}
==========

FOG, which derives from restaurants or private homes, is one of the main waste products of wastewater treatment, and therefore represents an available source of substrates for biogas formation. This work has highlighted the inhibition profile of FOG along with its 2 components, LCFAs and GLYC. Biogas formation is substantially reduced as the concentrations of LCFAs and FOG increase in the bioreactor. Overall, for the same mass, FOG (CO) was less inhibitory that the tested LCFAs, and among these LCFAs, the saturated ones were more inhibitory than the unsaturated one. Thus, the inhibition profile will also depend on the relative abundance of different types of LCFAs present in the FOG used. Interesting, GLYC, the second component of FOG, was not associated with biogas inhibition, even at a concentration as high as 100 g.L-1. These results explain, at least partly, why FOG is less inhibitory than LCFAs.

The comparative analysis of microbial communities of 3 bioreactors, each feeds with CO, OLEI or GLYC, shows that each substrate selected a specific set of microbes that efficiently leads to biogas formation. The main dominant genus of archaea associated with biogas formation were *Methanocorpusculum and Methanobrevibacte*r.

Supporting information {#sec017}
======================

###### Biogas formation profile from cooking oil (CO) before modeling.

Cumulated volume of biogas formation during the anaerobic digestion of cooking oil (CO), before using the Gompertz equation model.

(TIF)

###### 

Click here for additional data file.

###### Microbial abundance in relation with species genera.

Relative abundance, as a function of time (1, 5, 15 days), of microbial genera, in the presence of cooking oil (CO), glycerol (GLYC), and oleic acid (OLEI).

(TIF)

###### 

Click here for additional data file.

###### Methanogenic data.

(XLSX)

###### 

Click here for additional data file.
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RESPONSE TO THE EDITOR AND REVIEWER COMMENTS: PONE-D-19-1575

Journal Requirements:

1JR. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Our answer: We have carefully read the requirements and have made the necessary changes so that our manuscript meet the journal requirements. We have also checked all the figures in "PACE application.

2JR. In your Data Availability statement, you have not specified where the minimal data set underlying the results described in your manuscript can be found. PLOS defines a study\'s minimal data set as the underlying data used to reach the conclusions drawn in the manuscript and any additional data required to replicate the reported study findings in their entirety. All PLOS journals require that the minimal data set be made fully available. For more information about our data policy, please see <http://journals.plos.org/plosone/s/data-availability>.

Upon re-submitting your revised manuscript, please upload your study's minimal underlying data set as either Supporting Information files or to a stable, public repository and include the relevant URLs, DOIs, or accession numbers within your revised cover letter. For a list of acceptable repositories, please see <http://journals.plos.org/plosone/s/data-availability#loc-recommended-repositories>. Any potentially identifying patient information must be fully anonymized.

We will update your Data Availability statement to reflect the information you provide in your cover letter.

Our response: We have made our data available through the addition of a Supporting information as S3_Fig_methanogenic data_excell, and the sequencing data have been made available through the NCBI site, under the following references: SUB5945674 (SubmissionID), PRJNA554546 (BioProject ID), the BioProject database (<http://www.ncbi.nlm.nih.gov/bioproject/554546>)

Comments to the Author

1Co_Au. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Our Response: We feel that our data do support the conclusion our work, and the protocols and methodology we used have been reported elsewhere and we have quoted the appropriate references.

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

2Co-Au. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: No

Our response: We have included a statistician as a co-author, Dr Marwan Al-Momani, and he has re-analysed our data appropriately. All the changes are highlighted in yellow in the text. Thus, all the statistical tests are now sound and appropriate.

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

3Co_Au. Have the authors made all data underlying the findings in their manuscript fully available?

The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Our response: This has been addressed, as mentioned in our response in 2JR

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

4Co_Au. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: No

Our response: We have carefully re-read the manuscript have made the necessary changes.

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Review on the manuscript entitled „Characterisation and metagenomic analysis of lipid utilising microorganisms for biogas formation" submitted to PLOS ONE (PONE-D-19-15756).

The manuscript describes anaerobic digestion experiments with fat-oil-grease as substrate, in more detail with cooking olive oil, three different long chain fatty acids and glycerol. Inhibitory of the substrates were evaluated in batch tests and the microbial communities inherent of this processes were analyzed. In contrast to glycerol which showed no inhibitory effect, the long chain fatty acids were inhibiting the biogas production even stronger than cooking oil. This was also reflecting in the different microbial community compositions.Even though the experiments are thoroughly conducted and probably scientifically sound, I would like to raise major concerns about the way data was analyzed and presented in the manuscript.

1Re. There was no metagenomics done! This is misleading. Metagenomics means the sequencing and analysis of all DNA present in a community. In this manuscript actually amplicon sequencing was described, so the sequencing and analysis of a single marker gene. This needs to be corrected.

Our answer: We thank the reviewer for this comment. We agree that the use of the term Metagenomics is misleading and may confuse the readers. Thus, in the text, we have changed metagenomics by "16S rRNA gene amplicon sequencing" or microbial community analysis

2 Re. The methods are described to insufficient detail. I would like to highlight this with a few examples:

Our response: We have added additional information, whenever applicable, in the Material & Methods. Specific points raised by the reviewer have been addressed below.

a\. L128-139: Number of replicates was not given.

Our response: Experiments were carried out in duplicate and this has added in line 144

b\. L152-160: What was measured? It is simply not mentioned here.

Our response: we thank the reviewer for this comment. Methane was measured in this experiment, and this has now been added in the text line 158.

c\. L172: With one-way ANOVA it can only be revealed if significant differences are present in the dataset at all. To see which ones are significantly different post hoc tests have to be applied taking into account the inflation of alpha error when doing multiple comparisons. This is not mentioned is the methods section but in Table 1 it is stated which ones are different. This can simply not be deduced from the ANOVA as described in the methods section.

Our response: As mentioned in our Response 2 Co-Au, we have included a statistician as a co-author, Dr Marwan Al-Momani, and he has re-analysed our data appropriately. Basically the ANOVA test has been combined with pairwise comparison, using TUKEY's test, which is in line with the reviewer comment

d\. L182: Which primers have been used? Giving the variable regions which have been sequenced is not enough.

Our answer: We used the V4-V5 region of the 16S rRNA gene using the forward sequence 515F : 5' - GTGCCAGCMGCCGCGGTAA -- 3' and the reverse sequence 907R-MM : 5' - CCGYCAATTCMTTTRAGTTT -- 3'

e\. L214: goodness of fit is not given but highly desired to judge the suitability of the Gompertz equation to fit the data presented in this manuscript.

Our response: To address this reviewer comment on similarity of experimental data versus those obtained by Gompertz equation model, we constructed a scatterplots of pairs of observations where the first coordinate is the observed experimental value, and the second coordinate is the corresponding Gompertz model value, at the same time. All graphs showed approximately a linear line from the origin. To confirm our findings, we fitted a simple linear regression model from the origin of the form Y=BX, and we tested the hypothesis B=1 versus B ≠1, and the hypothesis was not rejected in all cases, and this supports our plot's findings. Thus, the Gompertz model equation reflects the experimental data, and this is why this model is commonly used in the biogas production. This information has been also captured in the text (see line 231).

3 Re. As far as I am concerned and this is in line with a very important publication on this topic (Klindworth et al. <https://www.ncbi.nlm.nih.gov/pubmed/22933715>), there are no general primers which cover bacteria and archaea equally good. As the actual primers are not given I can just speculate, but primers used in this study seem to be optimized for bacteria and not for archaea because (i) the archaeal abundance is quite low and (ii) there is no acetoclastic methanogen present. Depending on the coverage of the primer for archaea (can be looked up in the mentioned publication most probably), archaeal reads should be excluded from the analysis as with these primers they cannot be sufficiently covered. This of course limits the scope of this manuscript.

Our answer: We thank the reviewer for this comment. To the best of our knowledge, there is no study yet combining primer sets for microbiome identification of archaeal and bacterial sequences. In the current study, we focused on identifying as many OTUs as we could, using a modified primer sequences that covers the V4-V5 region. During the modification of our primers, we opted to include as many archaeal sequences we could in the curation of the sequences.

4 Re. L193: GreenGenes is quite old, last update was 2012 or 2013. Hence, it misses recently discovered or described organisms. Just as an example the important group of syntrophic acetate oxidizing bacteria is almost completely missing in this dataset. To include also latest knowledge use latest release of Silva database or the MiDAS database (<http://www.midasfieldguide.org/en/download/>) which was manually curated for activated sludge, anaerobic digesters and influent wastewater microbiomes. I strongly suggest re-running the analysis with one of the two mentioned databases. This might have little impact on the obtained results. But at least you can be sure to have the latest available information included. Both databases are already formatted to be readily used in Qiime.

\- Our answer: We thank the reviewer for this comments. As the reviewer has suggested, we have re-ran the analysis using the latest version of SILVA (132). We have employed SILVA databases, and we have obtained more OTUs with this SILVA software compared to the previous one, Greengenes.

However, when comparing sample counts, the observed counts were, overall, higher with Greengenes compared to SILVA. More specifically, the nine samples (1-3 for CO), 4-6 for GLYC and 7-9 for OLEI) produced counts of 17,368; 10,906; 12,232; 14,831; 20,192; 16,362; 17,507; 17,266; 16,360 respectively with the Greengenes , while those of the SILVA were (17,159; 16,310; 15,563; 14,928; 19,609; 16,065; 16,187; 17,335; 16,374). Thus, the higher number of observed counts generally came from using the Greengenes database (only 3 samples from SILVA gave higher OTU counts compared to Greengenes).

In relation with the alpha diversity, there was no change in shannon index, while an increase in diversity in the chao1 was observed for SILVA.

The PCoA result from the Bray-Curtis dissimilarity showed a more scattered pattern from the initial dates of sampling from SILVA compared to Greengenes.

The same clustering of the succeeding sampling dates were observed in both databases.

Therefore, we wish to argue that there is no reason to change the database used in the study, since it had little impact on the result. Moreover, the syntrophic acetate oxidizing bacteria did not increase when SILVA database was used.

5 Re. Raw sequence data (fastq files) are not uploaded to a database (EMBL ENA or NCBI SRA) and hence, made publicly available. This is not in line with the PLOS data policy and data availability.

Our answer: As mentioned earlier (our Response in 2JR), the data has now been made available on NCBI database, and can be found on the link (<http://www.ncbi.nlm.nih.gov/bioproject/554546>)

6 Re. Spelling mistakes needs to be correctd. Here, I can just give a few examples:

Our answer: We have carefully checked the manuscript for any mistake and have made the necessary corrections.

a\. L 50: Methanomassiliicoccaceae

Our answer: Done

b\. L52: Methanobrevibacter

Our answer: DONE

c\. L66: archaea

Our answer: DONE

d\. L67: genera

Our answer: DONE

e\. L69: syntrophy

Our answer: DONE

f\. L447: Proteobacteria

Our answer: DONE

7 Re. Rudimentary headlines are given: for example: L195, L196, L325 and so on. These are no proper headlines for a scientific manuscript.

Our answer: Throughout the text, we have re-written these headlines (see L 202, 203, 342, 414)

END DOCUMENT

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

###### 

Submitted filename: Response to Reviewer \_PLOS ONE.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0224989.r003

Decision Letter 1

Loor

Juan J

Academic Editor

© 2019 Juan J Loor

2019

Juan J Loor

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Characterisation and microbial community analysis of lipid utilising microorganisms for biogas formation.

PLOS ONE

Dear Dr. Nzila,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Oct 17 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Juan J Loor

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: No

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Review on the revised manuscript entitled „Characterisation and metagenomic analysis of lipid utilising microorganisms for biogas formation" submitted to PLOS ONE (PONE-D-19-15756R1).

The authors carefully revised the manuscript and hence, improved it. Nonetheless, there are still one minor and two critical points I need to address:

1\. Primer names AND sequences need to be added to the methods section of the manuscript.

2\. Coverage of primers: To be very clear on this: There are no universal primers covering bacteria AND archaea satisfyingly. What is the coverage for bacteria and archaea for the primer pair used for this manuscript? To answer this either the primers have been used also in the mentioned study from Klindworth et al. (2013) and you can easily look that up or you need to re-run the analysis Anna Klindworth and colleagues did. However, this is not the point here. It is quite obvious when looking at the results that these primers are not covering the archaea well enough. Who is consuming the acetate as highly important intermediate during biogas formation? There are no acetoclastic methanogens detected and there are no syntrophic acetate oxidizers detected! Hence, it is strikingly obvious that these primers give a misleading picture of the archaeal community. Consequently, when knowing this, it is not scientifically sound to present the archaeal community composition based on these primers. Hence, archaeal reads should be filtered out and only the bacterial community should be presented. And yes, there are a lot of studies who use two separate primer sets, one for bacteria and one for archaea (either targeting archaeal 16S rRNA genes or mcrA gene for example).

3\. Greengenes vs SILVA/MiDAS: I do not quite understand why the amplicon data analysis yields more counts, more OTUs when using Greengenes compared to SILVA. This does not make any sense. OTUs are constructed first and just after this step representative sequences of each OTU are taxonomically assigned by using one of the databases. Hence, OTU construction happens before the databases come into play and hence, is completely independent of the database. How then can the database influence the number of counts? And again Greengenes is outdate and should not be used anymore!

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0224989.r004

Author response to Decision Letter 1

13 Sep 2019

RESPONSE TO THE REVIEWER COMMENTS

PONE-D-19-15756R1

Characterisation and microbial community analysis of lipid utilising microorganisms for biogas formation.

1\. Primer names AND sequences need to be added to the methods section of the manuscript.

1\. Our response: This has been done (page 7).

2\. Coverage of primers: To be very clear on this: There are no universal primers covering bacteria AND archaea satisfyingly. What is the coverage for bacteria and archaea for the primer pair used for this manuscript? To answer this either the primers have been used also in the mentioned study from Klindworth et al. (2013) and you can easily look that up or you need to re-run the analysis Anna Klindworth and colleagues did. However, this is not the point here. It is quite obvious when looking at the results that these primers are not covering the archaea well enough. Who is consuming the acetate as highly important intermediate during biogas formation? There are no acetoclastic methanogens detected and there are no syntrophic acetate oxidizers detected! Hence, it is strikingly obvious that these primers give a misleading picture of the archaeal community. Consequently, when knowing this, it is not scientifically sound to present the archaeal community composition based on these primers. Hence, archaeal reads should be filtered out and only the bacterial community should be presented. And yes, there are a lot of studies who use two separate primer sets, one for bacteria and one for archaea (either targeting archaeal 16S rRNA genes or mcrA gene for example).

2.Our response: We fully agree with the reviewer that the proportion of methanogens is very low, which is unexpected since biomethane was produced during these experiments. The reviewer has suggested that we remove the data on methanogens, and concentrate on bacterial data only. While this acceptable, however, we would like to propose the following alternative that will take the reviewer' comments into account. Since some methanogen archaeas have been detected, although be it at a very low proportion, we suggest to keep these data as they are, however, we have added a caveat that highlights clearly the limitation of our result. In this caveat (see page 21), we have clearly stated that the primers we used were not covering archaea sufficiently, hence the low level of archaea detection. Thus, with this information, we feel that the reviewer' comment is fully addressed, while the same time, we are providing the readers with appropriate information showing the limitation of our results.

3\. Greengenes vs SILVA/MiDAS: I do not quite understand why the amplicon data analysis yields more counts, more OTUs when using Greengenes compared to SILVA. This does not make any sense. OTUs are constructed first and just after this step representative sequences of each OTU are taxonomically assigned by using one of the databases. Hence, OTU construction happens before the databases come into play and hence, is completely independent of the database. How then can the database influence the number of counts? And again Greengenes is outdate and should not be used anymore!

3.Our response: As the reviewer has suggested, we have reanalysed our data using the SILVA/MiDAS software. News figures have been made using the data generated from this SILVA/MiDAS (Figures 6 to 10), and the text has been changed to reflect all these new results (highlighted in yellow, from page 17-21).

Overall, there is no major change on the result on microbial community and taxa, changes are minor, and have been incorporated in the text.
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PONE-D-19-15756R2

Dear Dr. Nzila,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Juan J Loor

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No
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Characterisation and microbial community analysis of lipid utilising microorganisms for biogas formation.

Dear Dr. Nzila:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Juan J Loor

Academic Editor

PLOS ONE
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